It is well known that temperature has great influence on modal characteristics of bridges. The relationship between them has been studied by using statistical mathematics, numerical analysis, and field's monitoring methods, which have relatively narrow applicability. Therefore, it is necessary to analyze their relationship theoretically. In this paper, the relationship between temperature and modal characteristics of the simply supported beam is investigated based on theoretical calculation method. Firstly, the temperature field is analyzed to find out the main factors that lead to the changes of modal characteristics. Secondly, the dynamic equations of simply supported beam under the effect of temperature are established. Next, a test beam is constructed to validate the proposed calculation method experimentally. The calculated results are in good agreement with those from the experiment. Finally, the proposed method is successfully applied to real engineering.
Introduction
It was proved practically that vibration-based structural damage detection technique is easy and convenient [1] [2] [3] . However, the measured modal characteristics inevitably contain the effect of environmental factors and have large error which may lead to wrong results [4] [5] [6] . Some studies have found that the changes in structure responses due to environmental variation could be more significant than the changes due to normal structural damage [7] . A thorough study of the variability induced by environmental factors in modal characteristics must be conducted before modal-based damage identification algorithms can be applied with any confidence [3, 8, 9] . A wealth of research results shows that the temperature is the most important environmental factor which affects the change of bridges' modal characteristics [10] [11] [12] [13] [14] [15] .
Over the past few decades, quite a few studies have been conducted to investigate the environmental effect on structural modal characteristics. Cornwell et al. [11] have tested the natural frequency of the Alamosa Canyon Bridge without traffic loads and found that the natural frequency of the first mode varied by approximately 5% over 24-hour time period. He et al. [16] tested the Voigt Bridge to investigate corresponding natural frequency without traffic loads. It is shown that the changes of 1st natural frequencies induced by environmental temperature are 10%-20%. The results from a continuous monitoring on the Dowling Hall Footbridge by Moser and Moaveni [17] also indicated that the first six order natural frequencies have a significant variability about 4%-8% correlated with temperature. The Z24-bridge in Switzerland was monitored during almost one year by Peeters et al. [18, 19] . The natural frequency differences ranging from 14% to 18% had to be explained by normal environmental changes. Kim et al. [3] studied a 2 m span stainless steel, plate-girder bridge model. In all modes, natural frequencies decreased as the temperature increases and the obtained natural frequencies changed by 4% as the test temperature varied from −3 ∘ C to 23 ∘ C. Zabel et al. [20] investigated the dynamic behavior of a typical short span railway bridge for a long-term observation. The experimental results made obvious that the natural frequencies varied up to approximately 30% between summer and winter. A finite-element model updating with respect to measured parameters for the sensitivity analysis showed that the structural elastic modulus and the bearing shear modulus had the most influence on the natural frequencies.
Meanwhile, it has been observed that the changes of natural frequencies due to temperature variation can be more 2 Shock and Vibration pronounced than those caused by medium structural damage [5] or vehicle loads [21] . For example, Kim et al. [1] carried out experiments on model plate-girder bridges under the effect of various temperatures. For undamaged bridges, the first four modes were measured when temperatures are 0-30 ∘ C, and the 1st natural frequency varied from 76.150 Hz to 63.164 Hz. For damaged ones, the natural frequency reduced from 66.196 Hz to 62.475 Hz as the stiffness of the cross section decreased by approximately 30%. Alampalli [22] conducted several tests over 9 months on an abandoned steel-stringer bridge to examine the sensitivity of measured modal parameters with respect to variations resulting from test environmental conditions under intact and simulateddamage conditions and presented a conclusion that the sensitivity of temperature is larger than that of damage. Siddique et al. [23] used vibration-based damage detection methods (VBDD) to detect small-scale damage on a twospan, integral abutment overpass structure. The lowest three measured natural frequencies decreased by 7.8% to 12.0% as the ambient temperature increased from −12 ∘ C to 40 ∘ C. Corresponding changes due to damage were much lower, suggesting that natural frequencies are not a sufficiently sensitive indicator of small-scale damage. A series of damage tests were carried out by Peeters and De Roeck [24] . The results showed that the natural frequency changed by 10% until the structure was destroyed [25] and was less than the variation of 14%-18% induced by environmental factors.
In summary, it has been widely observed that temperature has a significant effect on modal characteristics of bridges [26] . The feasibility of vibration-based damage detection, however, is limited when their changes involve the effect of temperature, particularly for large structures [8] .
In view of this, some studies try to analyze the natural frequency-temperature relationships; for example, Ni et al. [27] used the relative flexibility change (RFC) between intact and damage states as an index to locate damage of the cable-stayed Ting Kau Bridge. It is revealed that, in the absence of ambient effects, the RFC index performed well for locating damage of different severities in singledamage cases. However, eliminating ambient effects (temperature change and traffic load) is requisite for reliable detection of damage at stay cables and cross girders. Jin et al. [28] investigated an in-service highway bridge for longterm structural health monitoring. The bilinear relationship between natural frequency and temperature are analyzed using autocorrelation function and cross-correlation function; besides, damage detection method based on Artificial Neutral Network can estimate structural damage effectively. Based on the Autoregressive and Exogenous model, Peeters and De Roeck [24] proposed a methodology to distinguish these temperature effects from real damage events on the Z24 bridge. Ding and Li [29] investigated the daily and seasonal correlations of frequency-temperature using the output-only modal frequency identification obtained by the Iterative Windowed Curve-fitting Method (IWCM) for the Runyang Suspension Bridge. Zhou et al. [30] formulated a correlation model with the backpropagation neural network (BPNN) technique to eliminate the temperature effect. Ni et al. [31] investigated the cable-stayed Ting Kau Bridge and found that the relative variation of the measured temperatureinduced frequencies under weak wind conditions range from 3.22% to 15.07%. However, the relative variation of the modal frequencies arising from wind effect is estimated to range from 1.61% to 7.87%, being notably less than the modal variability caused by temperature effect. Breccolotti et al. [32] used FEM thermal analysis to numerically compute the dynamic response of the structure. Xia et al. [33] had carried out periodically vibration tested for a reinforced concrete slab for nearly two years. It is found that the frequencies have a strong negative correlation with temperature and damping ratios have a positive one. The test results obtained in this study indicated that the first two modal frequencies decrease by 0.23% when temperature increases by one degree. Based on the nonlinear dynamic finiteelement model of a two-span, slightly skewed continuous bridge, Fu and DeWolf [34] had accounted for changes in the vibrational behavior due to the eccentrically applied bearing forces, which occurred when the bearings were partially restrained in colder weather. Xu and Zhishen [6] established a 3D finite model of a cable-stayed bridge with box section and analyzed the effects of temperature on the frequencies. Mosavi et al. [35] investigated a two-span steel-concrete composite bridge in North Carolina, USA, and addressed the extent and reason of the daily changes observed in its dynamic properties. Numerical simulations of the bridge were used along with the recorded temperatures and deflections to suggest a possible reason for the observed changes in the natural frequencies of the bridge. Moreover, Xia et al. [36] investigated the variation of the structural modal characteristics versus the nonuniform temperature field of the structure. A good linear correlation between the natural frequencies measured and the structural temperatures other than the air temperature or surface temperatures is observed. Liu et al. [37] also pointed out nonuniform temperature distribution is necessary to be considered in correlation analysis between modal frequencies and temperature.
It should be noted that most of researches about the influence of temperature on modal characteristics of bridges are mainly concentrated on the real bridge test and analyzed the relationship between them by the mathematical statistics and other analytical methods. Besides, some scholars employed numerical simulation or laboratory test methods to analyze the influence of temperature on structural modal characteristics. However, more in-depth theoretical analysis is very rare, especially based on the beam vibration theory. Thus, to analyze and to clarify the internal mechanism of temperature influencing structural modal characteristics by the basic theory of vibration equations are needed.
The purpose of present study was to investigate the relationship between temperature and modal characteristics based on the vibration theory for the simply supported beam. Firstly, the temperature field distribution of the beam will be analyzed to find out the main factors (i.e., the elastic modulus, the deflection of beam, and boundary conditions) which lead to the changes of modal characteristics. Secondly, considering the above three factors, the dynamic equations of simply supported beam under the effect of temperature are established. Finally, the proposed calculation method is validated experimentally and applied to a real structure.
Analysis of Temperature Field in Beam
The -axis vibration of simply supported beam was considered in this paper shown in Figure 1 . Therefore, by adopting the -axis average temperature, the temperature distribution along the -axis could be obtained, as shown in Figure 2 . The temperature in Figure 2 Free strain ( ) along the longitudinal direction ( -axis) of beam under the effect of temperature is
where is the thermal expansion coefficient of concrete and ( ) is the temperature at point . Assuming the beam obeys the plane section assumption, the final strain ( ) is linearly distributed, that is,
where 0 is the strain at the neutral axis and is the angle, shown in Figure 3 , and is the vertical coordinate. Due to the longitudinal mutual constraint in beam, the nonlinear temperature gradient in Figure 2 (d) will produce self-stress ( ) at point :
where is the elastic modulus. For simply supported beam, the bending moment and axial force caused by temperature are all zero, that is,
where is the cross-sectional area.
As can be seen from (4), structural internal forces are not produced by self-stress for simply supported beam, which may indicate that modal characteristics will not be affected by self-stress.
Substituting (1) and (2) into (3) and the resulting expression into (4) yields
where is the cross-sectional width, ℎ is the cross-sectional height, and is the neutral axis depth. Then the parameters 0 and in Figure 3 could be calculated as follows:
where
Thus, we can obtain strains caused by three decomposed parts in Figure 2 according to (2) , (3), and (6) . Temperature of the first decomposed part will stretch or shorten the beam in the longitudinal direction, while, for the simply supported beam, there is no effect. The second part will cause the beam to be deflected and the third part will lead to self-stress shown in (3) . Therefore, the influence of the last two parts on modal characteristics of the beam will be considered in the following theoretical analysis.
Theoretical Analysis
Based on the temperature field analysis in Figure 2 and Euler-Bernoulli beam theory, this paper will analyze the influence of temperature on modal characteristics of simply supported beam from the following aspects: (1) the influence of temperature on the elastic modulus [6] ; (2) the influence of temperature on the deflection of beam [38] ; (3) the influence of self-stress caused by temperature on modal characteristics.
The Influence of Self-Stress Caused by Temperature on Modal Characteristics of Beam.
The relationship between self-stress ( ) and self-strain ( ) could be expressed as follows:
Substituting (8) into (4) results in
According to the Hamilton principle, there is
where , , and are the kinetic energy, the potential energy, and the work done by the self-stress, respectively.
Thus, the work done by the self-stress in (11) can be expressed as follows:
where = and is the vertical displacement.
Substituting (8) into (12), one obtains
According to (10), = 0, which indicates that the self-stress caused by temperature has no influence on modal characteristics. It also verifies the conclusions drawn after (4).
Dynamic Equations of Simply Supported Beam under the Effect of Temperature.
For the moment, the temperature distribution along the -axis of the beam is assumed to be identical, which will become an arch under the effect of the linear temperature gradient in Figure 2 (c). In addition, the shear stiffness of the bearing is taken into account. Therefore, the model of simply supported beam under the effect of temperature is adopted as shown in Figure 4 . In which 1 and 2 are shear stiffness of the left and right bearing and , V, and are the radial displacement, the tangential displacement, and the rotation due to the bending along the coordinate, respectively. Furthermore, is the radius of curvature along the coordinate and B is the curve angle.
The relationship between the elastic modulus and temperature is [36] as follows:
where 20 is the elastic modulus of concrete at 20 ∘ C and ( , , ) is the temperature in Cartesian coordinates. is the temperature coefficient of elastic modulus of concrete.
According to the experimental data reported by Baldwin and North [39] , is
Our research group has studied the relationship between the elastic modulus and temperature [40] and obtained a relationship for temperature between −20 ∘ C and 60 ∘ C similar to (14) , which verified the appropriateness of (14) . However, due to the limited temperature range of our relationship, (14) is adopted for a wider range of temperature.
As the moment of inertia and shear deformation are ignored, the force analysis taking from any microsegment in Figure 4 is shown in Figure 5 , in which , , , , and are the bending moment, the shear force, the axial force, the tangential inertia force, and the radial inertia force, respectively.
Based on D' Alembert's principle, the equilibrium equations are as follows:
Substituting (18) into (16) and (17) yields
The strain 0 at the neutral axis and the cross-sectional curvature can be expressed as follows:
where each prime denotes one differentiation with respect to . The strain at point can be given by
Putting (14), (20) , and (21) together, the corresponding stress could be obtained:
= ∫ , = ∫ ; then, substituting (22) into the expressions of , , respectively, yields
2 /(1 + / ) , so (23) could be simplified as follows:
The small vibration hypothesis with the usual sinusoidal expressions for deflections could be given by the following:
where and are the amplitudes of and V, respectively.
Then translator inertia forces at the instant of maximum deflection are given as follows
where is the mass per unit length of the beam and = 2 is angular frequency, with being the frequency. Substituting (24), (25), (26a) and (26b), and (27a) and (27b) into (19) , the dynamic equations can be obtained:
In (28a) and (28b), the deflection and the uneven distribution of the elastic modulus caused by temperature gradient are taken into account.
By taking the coordinate relations shown in Figure 6 , the boundary conditions in Figure 4 can be obtained:
where is the spring stiffness, = −Φ/2, = V cos( ) − sin( ).
Substituting (25) into (18) gives
Then, substituting (24), (25) for the boundary conditions, that is,
By substituting = Φ/2 and = −Φ/2 into (31a), (31b), and (31c), respectively, the left and right boundary conditions can be obtained.
The spring stiffness actually includes the shear stiffness of bearing and constraint of surrounding structure. While only considering the effect of the shear stiffness of bearing, could be given by
where is the shear modulus of bearing, is the area of bearing, and ℎ is the height of bearing.
Putting (28a) and (28b) and (31a), (31b), and (31c) together, the modal characteristics of simply supported beam under the effect of temperature could be solved. In general, the dynamic equations ((28a) and (28b)) are nonlinear with variable coefficients and could be solved by using the Multiple Shooting method [41] .
Laboratory Experiment

Description of the Experiment.
A laboratory experiment on a 400 cm × 30 cm × 40 cm reinforced concrete beam constructed on 25 June, 2015 (in Figure 7(a) ), was carried out. The two ends of the test beam are placed on two precast concrete foundations, respectively, in which a 15 cm vacant is left at each end and the calculation span of beam is 370 cm. The circular plate type rubber bearings are used as supports. Grade C40 was selected in accordance with the design code in China [42] . B15 mm reinforced bars at a 15 mm interval were chosen for positive reinforcement with 15 mm cover and B10 mm reinforced bars at a 200 mm interval were laid in the perpendicular direction (in Figure 7(b) ).
As the length of beam is much larger than its height and width and solar intensity along the length direction of beam is uniform, temperature could be assumed to be uniformly distributed in the length direction. 7 thermocouples were placed in the mid-span along the directions of north-south and topbottom, respectively (in Figure 7(c) , where e denotes one thermocouple). An additional thermocouple was employed to measure the air temperature.
A 24-hour experiment from 8:00 am on 18 September 2016 was carried out. The beam was excited by an impact hammer and the vibration responses were recorded by 2 accelerometers at the positions of 3/10 span and mid-span. Meanwhile, the temperatures were automatically recorded from the embedded thermocouples every 1 min and solar intensity was measured and recorded every one hour. In the process of the experiment, from 9:00 am to 5:00 pm, the test beam was completely exposed to the sun except for the cloudy at 2:00 pm; the sun is blocked by the buildings after 5:00 pm.
The test results of solar intensity are listed in Table 1 . According to (28a) and (28b), the temperature field of an entire structure is needed, but the experiment only got the temperature of 14 points. Therefore, a thermodynamic model is used here to predict the temperature distribution throughout the structure. Due to the uniform temperature along the length of beam, a two-dimensional transient heat conduction model is established by the plane temperature element Plane55 based on ANSYS software (in Figure 8) . In the thermal analysis, the influences of heat flux exchange between beam and surrounding air, structural thermal radiation, and solar radiation should be taken into account. Therefore, the boundary conditions for energy exchange between surface of the beam and air are as follows:
where is the thermal conductivity, is the temperature, is the ambient air temperature, is the surface temperature of the beam, is the normal to the surface, ℎ is the heat transfer coefficient, is the absorptivity coefficient of the surface material, and is the irradiation. Provided that * = + /ℎ, the boundary conditions could be rewritten as follows:
In the thermal analysis, the parameters are given as = 2.5 W/(m⋅ ∘ C); the heat transfer coefficients of the bottom surface, the top surface, the south surface, and the north surface are ℎ = 6.5, ℎ = 21, ℎ = 15, ℎ = 10 W/(m 2 ⋅ ∘ C), respectively, the specific heat capacity = 970 J/(kg⋅ ∘ C); = 0.5; the density of concrete = 2548 kg/m 3 . There are two steps for the thermal analysis: firstly, the steady-state analysis of time interval (i.e., = 0.01 s) is performed based on the measured temperature data at 8:00 am; secondly, the transient analysis with 4-minute time step is carried out. Then, the temperature fields at different times could be calculated; for example, the temperature cloud chart at 2:00 pm is shown in Figure 9 . The calculation and test results of temperature at positions 1, 4, 6, 2, and 5 in Figure 7 (c) are shown in Figure 10 , which indicate a good agreement between the two results. Therefore, the thermal analysis model can be employed to predict the temperature distribution of beam.
For an illustrative purpose, the every 4-hour results of 1 to 7 are shown in Figure 11 , which present that the temperature distribution along the -axis direction is nonuniform and nonlinear.
Comparative Analysis between Theoretical and Test Results
The Influence of Temperature on Natural Frequency.
According to the temperature field obtained by the thermal analysis and the relationship between the elastic modulus and temperature in (14) , the modal characteristics of beam could be calculated by solving the dynamic equations in (28a) and (28b). Meanwhile, the test modal characteristics were obtained through modal testing and modal analysis. Firstly, about 24-second acceleration signal of a 5120 Hz sampling rate was obtained through 1# and 2# accelerometers ( Figure 12 shows the acceleration time-history curves on 18 September 2016 at 8:00 am), which are located at mid-span and 3/10 span, respectively. Secondly, the empirical mode decomposition (EMD) [43] was used to decompose the data into many intrinsic mode function (IMF) components. The lowest three IMFs on 18 September 2016 at 8:00 am are shown in Figure 13 . Finally, each IMF was analyzed by Hilbert transform to obtain the corresponding time-varying frequencies as shown in Figure 14 . Due to the relatively short time of test as well as amplitude attenuation, the frequencies did not change significantly over time as illustrated in Figure 14 .
The test and calculation results of the first three frequencies at different times are presented in Table 2 .
From Table 2 , the test frequencies are reasonably close to the calculation frequencies, especially for the 1st frequency, and the largest deviation between the test and calculation results of the 2nd frequency is about 19%. The reasons for this phenomenon may be the following two aspects: (1) the boundary conditions of the test beam may be different from that of the simply supported beam; (2) the geometrical properties of the test beam (the depth-span ratio is 0.4/3.7) may be not fully consistent with the Euler-Bernoulli beam theory, in which the moment of inertia and shear deformation will have an influence on modal characteristics of beam. However, this paper did not update calculation model to match the measurement, which will be the focus of the future research about Timoshenko beams under the effect of temperature. Therefore, to validate the proposed method, the variation ratios of frequency (FVR) between test and calculation results are compared and plotted in Figure 15 . FVR is defined as
where is the frequency at time and 0 is the frequency at initial time, that is, 8:00 am on 18 September. Figure 15 shows that the frequency varies with time and the first three test frequencies change up to 2.80%, 2.93%, and 2.86% in a 24-hour period, respectively. In [25] , when the structure was destroyed, the variation of natural frequency is only 10%. Therefore, it is clear that the change of environmental conditions has a great influence on frequency of beam. The errors between the test and calculation results of the first three frequencies at the same moment increase with modal order and the maximum errors are only 0.54%, 0.83%, and 0.91%, respectively, which verifies that the proposed method possessed favorable accuracy. In addition, it is noted that FVR reached the maximum value at about 2:00 pm. This is because, at this time, the temperature of beam reached the maximum value (in Figure 10 ) and the temperature distribution was quite uneven (in Figure 11 ).
The Influence of Temperature on Modal Shape.
The first three modal shapes of beam at different times can be calculated by the proposed method and shown in Figure 16 .
From Figure 16 , the first three radial modal shapes at different times are basically unchanged. However, the tangential and rotational modal shapes have obvious changes especially at about 1:00 pm, which is because the deflection of beam caused by temperature gradient is rather larger with respect to other times. In view of vibration amplitude among the radial, tangential, and rotational vibration, the vibration of beam is mainly based on the radial vibration and the tangential and rotational vibrations have less influence on the beam. Due to the smaller deflection of beam caused by temperature, the modal shapes of the test beam are close to those of straight beams, as shown in Figures 16(a), 16(d) , and 16(g).
The Influence of Boundary Conditions on Natural
Frequency. The ratio of change for the first three natural frequencies of beam under different shear stiffness of bearing could be calculated by the proposed method and shown in Figure 17 .
As seen in Figure 17 , the ratio of change increases with the shear stiffness of bearing and tends to be stable when the shear stiffness less than 1 × 10 8 N/m or more than 1 × 10 12 N/m. Besides, the ratio of change at about 2:00 pm is larger than others, which is because the temperatureinduced deflection at this time is rather larger with respect to other times. From the above analysis, we can conclude that the influence of the shear stiffness of bearing on modal characteristics increases with the deflection of beam increasing. Nevertheless, due to the smaller temperature-induced deflection making the test beam in this study close to a straight beam, the shear stiffness of bearing has little influence on natural frequencies of beam. From the above observations and analysis, temperature will change both the structural deflection and the elastic modulus of concrete. Due to the smaller deflection caused by temperature, the test beam is close to a straight beam. The influence of structural deflection on modal characteristics is rather smaller than that of elastic modulus. Hence, it can be concluded that the variation of elastic modulus by temperature is the main reason resulting in the changes of modal characteristics of the test beam, which is also obtained in [37] . When the structural span or cross-sectional height increases, the deflection of beam induced by temperature will become larger, especially for the steel and concrete composite structure, and the deflection will make the ratio of change of natural frequencies increase in accordance with [35] . Moreover, if the structure has a precamber or a certain deflection, the influence of the deflection caused by temperature and the stiffness of bearing on modal characteristics will be more obvious and the related research is ongoing. Figure 18 shows a south-north bridge of Anlongquan intercommunication overpass on 102 national highway. The construction of this bridge was started in 2010 and completed carried out two aspects of research on this bridge. The first aspect is long-term condition monitoring of structural creep and concrete shrinkage on the bridge. The second aspect is to monitor and evaluate the condition of the bridge in real time through test strain data. Therefore, only the fiber grating temperature and strain sensors were embedded in advance in the bridge and no real-time dynamic characteristics testing equipment were preinstalled on the structure. In order to verify the accuracy of the bridge state evaluation technique developed based on strain monitoring data, Professor Cheng's group conducted 8 times static load and dynamic load tests in April 2015 and provided these dynamic test data for this article.
Application to a Real Structure
There are 9 temperature sensors (numbering 1 -9 ) embedded in advance in the mid-span cross section of bridge as illustrated in Figure 18 . The layout of the temperature sensors is presented in Figure 19 , 1 , 4 , and 7 for the roof temperature measurement, 3 , 6 , and 9 for the floor temperature measurement, 2 , 5 , and 8 for the webs temperature measurement. During the monitoring of this bridge, temperature has been measured continuously by FBG-8600 high-speed fiber grating demodulator and recorded from 9 April to 3 September 2015. Figure 20 shows information of 30000 collected wavelengths from 3:00 pm on 9 April 2015. Then, time-varying temperature could be obtained by FBG8600 data center software. The corresponding test results of 1 -9 at the time of the modal test were extracted as shown in Table 3 .
As for the modal test, nine DH610 accelerometers (including two fulcrums) were equidistantly arranged on one side of the bridge. A two-axle vehicle passed through a six cm high wedge block located at 1/4 span of the bridge. Meanwhile DH5922 system produced by DongHua Testing Technology Company Limited samples about 6-second data from the nine accelerometers at a 512 Hz sampling rate. Figure 21 . Based on the monitoring results of temperature listed in Table 3 , the entire cross-sectional temperature could be estimated by using linear fit. The corresponding frequencies can be calculated by the proposed method and the calculation and test frequencies at different times are presented in Table 4 . It can be seen that the calculation results are close to the test ones and the maximum error between the two is 2.6%, which is less than that of the test beam. This is because the actual simply supported box-girder bridge is more consistent with Euler-Bernoulli beam theory relative to the test beam due to the geometrical properties. Besides, there are smaller 0.E + 00
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errors between FVR of the calculation and test results, which also reveals that the proposed method possessed favorable accuracy. From Table 4 , the 1st test frequency on 4/27 is lower about 5.0% than that on 4/12. In [1] , it is pointed out that the natural frequency of simply supported beam decreased 5.6% at the condition of the cross-sectional stiffness decreasing 30%. Then, it may be concluded that cross-sectional stiffness of the simply supported beam for monitoring decreases about 30%, which is a wrong assessment conclusion obviously. This is because the influence of temperature on the test frequency has not been excluded in the assessment. The 1st calculation frequency on 4/27 is lower about 5.2% than that on 4/12, which is induced by temperature. By excluding the influence of temperature, the variation of 1st test frequency is rather small and only 0.2%. Therefore, it can be deduced that the beam is not damaged, which could be validated with the results of static load test by Professor Cheng.
From the above analysis, the most notable advantage of the proposed method is to accurately calculate natural frequency of the simply supported beam caused by temperature.
It can make an accurate assessment for bridges by excluding the influence of temperature from the test frequencies.
Conclusions and Need for Further Investigations
This paper presented an approach for calculating modal characteristics of simply supported beam under the effect of temperature, in which the change of elastic modulus and deflection induced by temperature and shear stiffness of bearing were taken into account. Then, a laboratory experiment on a rectangular-sectional simply supported beam was conducted to verify the correctness of the proposed approach and the proposed method was applied to an actual simply supported box-girder bridge. The following conclusions can be drawn:
(1) There are some errors between the calculation and test results of the test beam, while these two of the actual simply supported box-girder bridge are in good agreement. This is because the actual simply supported box-girder bridge is more consistent with Euler-Bernoulli beam theory relative to the test beam due to the geometrical properties and boundary conditions.
(2) For both the test beam and the actual simply supported box-girder bridge, FVR of the calculation and test frequency results are very close, which reveals that the proposed method possessed favorable accuracy.
(3) The most notable advantage of the proposed method is to accurately calculate natural frequency of the simply supported beam caused by temperature. It can make an accurate assessment for bridges by excluding the influence of temperature from the test frequencies.
(4) From the calculation frequency results of the test beam, the variation of elastic modulus induced by temperature is the main reason resulting in the changes of modal characteristics of the test beam, which is consistent with [37] . When the structural deflection increases, the influence of the deflection induced by temperature and the stiffness of bearing on modal characteristics will be more obvious, which is also pointed in [35] .
(5) The first three radial modal shapes at different times are basically unchanged. However, the tangential and rotational modal shapes have obvious variations. This paper investigated the influence of temperature on natural frequency of simply supported beam based on EulerBernoulli beam theory, which may be a main reason leading to some errors between the calculation and test results of the test beam. While the influence of temperature on Timoshenko beam, steel beam, continuous beam, and so forth will be the topics which the authors further deliberate from now on.
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